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ABSTRACT: The solution structure of the self-complementary dodecamer 5'd(CGCGPATTCGCG),, con-
taining a purine-thymine base pair within the hexameric canonical recognition sitt GAATTC for the
restriction endonuclease EcoRlI, is investigated by nuclear magnetic resonance spectroscopy and restrained
molecular dynamics. Nonexchangeable and exchangeable protons are assigned in a sequential manner. A
set of 228 approximate interproton distance restraints are derived from two-dimensional nuclear Overhauser
enhancement spectra recorded at short mixing times. These distances are used as the basis for refinement
using restrained molecular dynamics in which the interproton distance restraints are incorporated into the
total energy function of the system in the form of effective potentials. Eight calculations are carried out,
four starting from classical A-DNA and four from classical B-DNA. In all cases convergence to very similar
B-type structures is achieved with an average atomic root mean square (rms) difference between the eight
converged structures of 0.7 + 0.2 A, compared to a value of 6.5 A for that between the two starting structures.
It is shown that the introduction of the purine-thymine mismatch does not result in any significant distortion
of the structure. The variations in the helical parameters display a clear sequence dependence. The variation
in helix twist and propeller twist follows Calladine’s rules and can be attributed to the relief of interstrand
purine—purine clash at adjacent base pairs. Overall the structure is straight. Closer examination, however,
reveals that the central 5 base pair steps describe a smooth bend directed toward the major groove with
a radius of curvature of ~38 A, which is compensated by two smaller kinks in the direction of the minor
groove at base pair steps 3 and 9. These features can be explained in terms of the observed variation in
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roll and slide.

Sequence-speciﬁc “recognition” between proteins and nucleic
acids can generally be understood in terms of functional group
contacts between the amino acid side chains of the protein and
functional groups available on the nucleobases. It is likely in
these cases that the protein recognizes or interacts with a
unique functional group pattern characteristic of a particular
nucleic acid sequence. Oligodeoxynucleotides represent ideal
substitutes for the longer DNA polymers in detailed studies
of these phenomena. The incorporation of modified nucleo-
bases into oligonucleotides provides a useful approach for
dissecting recognition processes in that the functional group
pattern available within a given sequence can be systematically
altered. This approach has been employed in DNA binding
studies involving the Jac repressor (Yansura et al., 1977, 1979;
Goeddel et al., 1977, 1978; Fischer & Caruthers, 1979; Ca-
ruthers, 1980), restriction endonucleases (Dwyer-Hallquist et
al., 1982; Ono et al., 1984; Yolov et al., 1985; Seela & Driller,
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1986; Jiricny et al., 1986; Fliess et al., 1986; Brennan et al.,
1986a; McLaughlin et al., 1987), modification enzymes
(Brennan et al., 1986b), and RNA polymerase (Dubendorff
et al., 1987). The modifications that are often most useful
in this respect are those that result in the deletion of a func-
tional group from the sequence of interest. The substitution
of 2’-deoxyuridine for 2’-deoxythymidine is one of the simplest
such functional group deletions in which the thymine methyl
group is removed. In a similar fashion, the substitution of
2’-deoxynebularine for 2’-deoxyadenosine replaces the adenine
base with the purine base, resulting in the deletion of the
exocyclic amino group of adenine. The purine base has been
incorporated into oligonucleotides for the study of base pairing
(Eritja et al., 1986) as well as interactions with the Hinll, Sall,
Taql (Jiricny et al., 1986), and EcoRI (McLaughlin et al.,
1987) restriction endonucleases. More recently, a preliminary
nuclear magnetic resonance (NMR)! analysis has indicated
that purine will base pair with thymidine in a Watson—Crick
manner (Ikuta et al., 1987).

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; NOESY, two-dimensional NOE spectroscopy; HOH-
AHA, two-dimensional homonuclear Hartmann—-Hahn spectroscopy;
ROESY, two-dimensional spin-locked NOE spectroscopy; E-COSY,
two-dimensional homonuclear exclusive correlated spectroscopy; rms, root
mean square; RD, restrained dynamics; TLC, thin-layer chromatography;
EDTA, ethylenediaminetetraacetic acid.
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FIGURE 1: (A) H8/H6(F! axis)-H1’/H5(F2 axis), (B) H8/H6(F1 axis)-H2'/H2”/CH;(F2 axis), and (C) H1’/H5(F1 axis)-H2'/H2”/CH;
(F2 axis) of the 40-ms NOESY spectrum of the dodecamer in D,0 at 5 °C. Sequential H1’(i - 1) <= H8/H6(i) <> H1’({) and H2’/H2"(i
~ 1) < H8/H6() <= H2'/H2" (i) connectivities are shown in (A) and (B), respectively, as solid lines (—); H8 /H6(/ — 1) <> H5(¢) and H8 /H6(i
— 1)-CH,(i + 1) connectivities are shown in (A) and (B), respectively, as dashed lines (---).
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FIGURE 2: (A) NH(F2 axis)-NH(F1 axis) and (B) NH(F2 axis)-aromatic/NH2(F1 axis) of the 150-ms NOESY spectrum of the dodecamer
in 90% H,0/10% D,0 at 5 °C. Sequential connectivities are indicated by the solid lines.

One of the pitfalls in using DNA fragments containing such
nucleobases in biochemical reactions, particular those involving
macromolecular recognition, is the possibility that the mod-
ifications may induce noticeable structural alterations of the
DNA helix. Indeed, particular structural features may
themselves play a significant role in recognition processes, and
changes in these may thus complicate subsequent assessment
of the importance of a specific functional group. This is
particularly a concern when the modification results in the loss
of one or more hydrogen bonds. Although in aqueous solutions
base stacking is thought to be the major source of DNA duplex
stability (Petruska et al., 1986), hydrogen bonds clearly play
a pivotal role in stabilizing double-stranded DNA as indicated
from the recent thermodynamic studies of Turner et al. (1987).
Deletion of hydrogen bonds generally results in reduced helix
stability and possible alternate hydrogen-bonding patterns.

The restriction endonuclease EcoRI recognizes the hexam-
eric double-stranded sequence 5’d(GAATTC), and catalyzes

the hydrolysis of both phosphodiester bonds between the dG
and dA residues. Substitution of the purine base (2’-deoxy-
nebularine) for the “outer” adenine residue in the EcoRI
recognition sequence results in the loss of an exocyclic amino
group from the 6-position of the purine base and deletion of
the corresponding hydrogen bond to the O4 of thymine located
in the major groove of the DNA helix. This functional group
has been implicated, on the basis of recent X-ray diffraction
data, in the binding interaction between the endonuclease and
the canonical 6 base pair recognition site (Frederick et al.,
1984; McClarin et al,, 1986). We have also observed that the
deletion of this functional group drastically affects catalytic
efficiency by the enzyme (McLaughlin et al., 1987).

In order to better assess the structural implications of the
dP-dT versus dA-dT base pairs, we prepared the purine-sub-
stituted EcoRI site GPATTC flanked by CGC on the 5’-side
and GCG and the 3’-side, resulting in the dodecamer 5'd-
(CGCGPATTCGCG),. This sequence thus corresponds to
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Table I: Proton Resonance Assignments of the DNA Dodecamer at 5 °C
chemical shift (ppm)
residue H8/H6 H5/CH;, H2 Hé H1/H3 NH,* Hl’ HY H2” H3/ H4 H¥, HS”
C1 7.56 5.80 5.66 1.89 2.33 4.61 3.98 3.64, 3.64
G2 7.88 13.04 5.80  2.58 2.63 490 426  4.00
C3 7.20 5.30 8.28, 6.45 5.48 1.81 222 4.75 406  4.05,3.92
G4 7.81 12.45 5.47 2.61 2.74 494 427 3.93
PS 8.45 7.87 8.23 6.04  2.62 2.87 500 441 4.17, 4.15
A6 8.09 7.51 7.11, 6.01 6.11 2.50 2.86 4.97 4.43 4.19
T7 7.09 1.31 13.43 5.92 1.94 2.53 4.78 4.14 412,431
T8 7.27 1.58 12.98 6.07 2.14 2.48 4.83 4.21 4,13, 4.05
C9 7.38 5.53 8.19, 6.78 5.69 1.97 2.35 482 407 4.1l
Gl0 7.85 12.81 5.77 2.57 2.63 490 430 412
Cl11 7.25 5.37 8.42,6.62  5.63 1.83 223 4.75 4.12 404
Gl12 7.87 13.10 6.08 2.55 2.27 4.63 4.11 4.08

“In the case of the 4- and 6-amino groups of cytosine andd adenine, respectively, the chemical shift of the hydrogen-bonded proton is listed first.

Table II; ({r%))"'/6¢ Mean Interproton Distances Derived from the NOESY Spectra at § °C?

(A) Intranucleotide

l‘ij (A)
proton Cl G2 C3 G4 Ps Aé T7 T8 C9 G10 Cl1 G12
sugar—sugar
H1-HY 3.0 2.8 2.6 2.6 2.7 2.7 2.9 2.7
H1'-H2” 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.1 2.1
H2'-H3’ 2.3 2.2 2.3 2.2 2.2 2.2
H2"-H3' 2.6 2.6 2.6 2.7 2.6
sugar—base
H1’-H6/H8 3.1 3.7 35 3.5 3.5 4.0 3.7 3.7 3.7 37 34
H2-H6/H8 2.2 2.1 2.0 2.1 2.1 2.2 2.1 2.1 2.0 2.1 2.0 2.1
(B) Internucleotide (Intrastrand)
Fyj (A)
i-@i+1) CipG;  GppC;  CyipGy  GupPs  PspAg  AppT;  TpTs  TepCo  CopGyy  GiopCiy CyipGop
H1’-H6/H8 3.3 34 3.4 3.6 3.7 3.5 3.6 3.4 35
H2-H6/H8 2.8 29 2.8 2.7 2.7 2.7 2.8 2.8
H2"-H6/HS8 2.4 2.3 2.8 2.6 2.3 2.3 2.3 2.4 2.3 2.4
H2'-H5/CH, 27 24 34
H2"-H5/CH, 28 2.7 3.0
H2/'/H2’-HS5? 2.7 2.7
H1'-CH, 42 5.1
H3'-CH, 4.5 3.8
H6/H8-H5/CH, 3.8 3.2 3.0 3.6 3.8
H1'-H5” 4.0 3.5 33
H2-HY’ 4.0
H2-H2 3.5
H1-H2 4.1
H3-H3 3.6
H1-NH,’ 4.5
H1-NH,” 49
(C) Interresidue (Interstrand)
proton pair r; (A) proton pair r; (&) proton pair r; ()
Intra Base Pair
A6(H2)-T19(H3) 2.9 P5(H2)-T20(H3) 3.1 P5(H6)-T20(H3) 3.1
Inter Base Pair
G2(H1)~-G22(H1) 4.0 P5(H2)-T19(H3) 4.4 A6(H2)-T20(H1") 4.0
G22(H1)~-G4(H1) 4.1 A6(H2)-T20(H3) 3.5 A6(NH,")-T20(H3) 5.0
G4(H1)-T20(H3) 42

“The estimated errors in the distances are as follows: -0.2/+0.3 A forr; <3 A and -0.3/4+0.4 A for 3 A <r; < 5 A (see text). *The H2’ and
H2” resonances of residues G2 and G10 are superimposed. Consequently, the G2(H2’)-C3(HS5) and G2(H2")-C3(H5) cross-peaks are superim-
posed and similarly for the G10(H2')-G11(HS5) and G10(H2”)-C11(H5) cross-peaks. The intensities of these cross-peaks correspond to distances
of 2.7 A. In the restraint list, we set this value equal to the ({r®))~'/é average of the two corresponding distances.

the well-studied dodecamer 5'd(CGCGAATTCGCG), crys-
tallized in the B-helical form (Wing et al., 1980; Dickerson
& Drew, 1981) and subsequently partially analyzed by 'H
NMR (Sarma et al., 1982; Patel et al., 1983; Hare et al.,
1983). We then proceeded to determine its solution confor-
mation by a combination of NMR and restrained molecular
dynamics. First, the exchangeable and nonexchangeable
resonances were assigned in a sequential manner by means of
NOESY and HOHAHA spectroscopy. A set of interproton
distance restraints was then derived from the NOESY spectra

at short mixing times and used as the basis of structural re-
finement by restrained molecular dynamics (Kaptein et al.,
1985; Clore et al., 1985, 1986a,b; Briinger et al., 1986; Nilsson
et al.,, 1986). As in previous studies (Nilsson et al., 1986;
Nilges et al., 1987a,b; Scalfi Happ et al., 1988), convergence
was achieved by starting from classical A- and B-DNA
structures. The converged structures are of the B type, with
an average atomic rms difference between them of 0.7 £ 0.2
A as compared to an atomic rms difference of 6.5 A between
the two starting structures. Clear sequence-dependent vari-
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Table III: Atomic rms Differences between Initial and Final
Structures?®

atomic rms atomic rms
difference difference
(&) (&)

rms distributions
(RDA) vs (RDA) 0.70 £+ 0.20
(RDB) vs (RDB) 0.53 £ 0.11
(RDA) vs (RDB) 0.68 £ 0.17

initial structures
IniA vs IniB 6.45
rms shifts
IniA vs (RDA) 5.24 £ 0.22

@ vs &DB) 2.21 £ 0.14 (RD) vs iR__D) 0.65 = 0.17
RD vs (RD)m 0.18 {(RD) vs RD 0.43 £ 0.13
(RD) vs (RD)m 0.47 £0.11

4The notation of the structures is as follows: IniA and IniB are the
initial structures with classical A- and B-DNA geometries, respectively;
(RDA) are the four final restrained dynamics structures derived from
IniA; (RDB) are the four final restrained dynamics structures derived
from IniB; (RD) refers to all eight final restrained dynamics structures
(i.e., to (RDA) and (RDB) collectively); RD is the mean structure
obtained by averaging the coordinate of the eight (RD) structures best
fitted to each other; and (RD)m is the restrained energy minimized
average structure obtained by restrained energy minimization of RD.
The atomic standard rms error in the coordinates of the average
structure RD is given by rmsd/+/8 ~ 0.15 A, where rmsd is the aver-
age atomic rms difference between the eight (RD) structures and the

mean structure 6

ations in the helical parameters are observed, with the varia-
tions of helix twist and propeller twist closely following those
observed in the crystal structure of the B-DNA dodecamer
(Dickerson & Drew, 1982) and predicted by Dickerson’s
(1983) sum functions. Although the overall dodecamer is
straight, the central 6 base pairs are smoothly bent in the
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direction of the major groove with a radius of curvature of
approximately 38 A. This bend, however, is compensated by
two smaller kinks at the CpG base pair steps 3 and 9.

EXPERIMENTAL PROCEDURES

Synthesis of 5-0-(9-Phenylxanthen-9-yl)-2"-deoxy-
nebularine. To 0.7 g (2.96 mmol) of 2’-deoxynebularine (Nair
& Chamberlain, 1984) suspended in 50 mL of dry pyridine
was added dropwise 1.0 g (3.85 mmol) of 9-chloro-9-
phenylxanthene dissolved in 10 mL of dry pyridine. After 3
h at ambient temperature, TLC analysis (CH,Cl,/CH,0H
in a ratio of 9:1) indicated that the reaction was complete. The
reaction was stopped with 5 mL of methanol and partitioned
between dichloromethane (75 mL) and 4% aqueous sodium
bicarbonate (120 mL). The organic phase was dried (Mg,-
SO,) and the solvent removed by rotary evaporation. The
residue was dissolved in toluene and evaporated to dryness 2
times in order to remove all traces of pyridine. The residue
was chromatographed on 20 g of silica gel and eluted with
dichloromethane/0.1% triethylamine and a gradient from 1%
to 4% ethanol. The fractions containing the product were
evaporated to dryness. The yield was 74% (1.11 g, 2.23 mmol).
The 'H NMR characteristics in DMSO-dj with a trace of D,O
were as follows: 2.3-3.1 (m, H2, H2”, DMSO), 3.5 (m, HY,
H5”, HOD), 4.0 (m, | H, H4’), 4.5 (m, 1 H, H3'), 6.4 (t, 1
H, HYl’,J = 6.4 Hz), 6.9-7.5 (m, 13 H, Ar H), 8.6 (s, 1 H,
HB), 8.8 (s, 1 H, H2), 9.1 ppm (s, 1 H, H6).

Synthesis of 3-O-[(N,N-Diisopropylamino)(2-cyanoeth-
oxy)phosphinyl]-5"-0-(9-phenylxanthen-9-yl)-2"-deoxy-
nebularine. To 1.1 g of the protected nebularine derivative

Table IV: rms Interproton Distance Deviations, Deviations from Ideality, and Restraint and Nonbonding Energies for the Initial and Final

Structures?
rms interproton distance deviations? (A)
structure all (258) intraresidue (102) interresidue (126) base pairing® (30)
IniA 0.85 (114) 0.86 (26) 0.93 (88) 0.16 (0)
IniB 0.45 (60) 0.21 (4) 0.62 (58) 0.15 (0)
(RDA) 0.17 £ 0.001 (0) 0.15 £ 0.001 (0) 0.20 = 0.002 (0) 0.068 = 0.003 (0)
(RDB) 0.17 £ 0.002 (0) 0.15 £ 0.001 (0) 0.20 £ 0.001 (0) 0.063 = 0.001 (0)
RD 0.19 (4) 0.15 (0) 0.24 (4) 0.069 (0)
(RD)m 0.17 (0) 0.15 (0) 0.20 (0) 0.052 (0)
deviations from ideality

structure bond (A) (812) angles (deg) (1470) impropers? (deg) (342)

IniA 0.008 3.17 0.32

IniB 0.011 3.08 0.32

(RDA) 0.009 £ 0 3.32 £ 0.03 0.33 + 0.003

(RDB) 0.008 = 0.001 3.35 £ 0.03 0.33 £ 0.013

RD 0.113 13.33 12.57

(RD)m 0.009 5.56 0.30

restraint energy (kcal/mol) nonbonding energy (kcal/mol)

structure Enog’ (258) EJ (24) van der Waals electrostatic H-bond
IniA 4212 50 -64 -347 -65
IniB 1106 0 -1157 -385 -50
(RDA) 129 £ 1 0.20 £ 0.17 ~376 £ 2 -478 £ 4 -90 £ 1
{RDB) 1323 0.20 £ 0.03 -374 £ 2 -479 %= 3 -92 %1
RL 151 0.12 =371 -469 =55
(RD)m 132 0.14 -375 -482 -81

4The number of distance restraints, bonds, angles, and impropers and the number of terms used in the NOE and § torsion angle restraint potentials
are given in parentheses below the respective headings. Note that the total number of interproton distance restraints used in the calculations is double
that in Table II as the oligonucleotide is self-complementary and hence symmetric. ®The number of interproton distance violations greater than 0.5
A is given in parentheses next to the rms interproton distance deviations. ¢In addition to the experimental interproton distance restraints, a set of 30
base pairing restraints corresponding to the base pair hydrogen bonds was added to the NOE restraint energy function. These are as follows: for A-T
base pairs Faony-rog = 2.95 A and rai-tagny = 2.82 A; for P-T base pairs rppiy-consy = 2.82 A; for G-C base pairs rgos-covg = 2.91 A,
raon)-covsy = 2.95 A, and rgngy-coz) = 2.86 g The values were taken from the X-ray structure analyses of ApU (Seeman et al., 1976) and GpC
(Rosenberg et al., 1976), and the error estimates for these values used in the calculations were £0.2 A, with the exception of the one for the P-T base
pairs, which was set to £0.4 A. ¢The improper torsion angle restraints are the restraints used to maintain planarity. ¢The scale factor S (cf. eq 2)
used in calculating the NOE restraints energy was 8. This corresponds to force constants of 59.6, 26.5, and 14.9 kcal mol™ A2 for distance errors
of 0.2, 0.3, and 0.4 A, respectively. /The force constant for the & torsion angle restraint was 40 kcal mol™ rad2,
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<RD>

(RD)m

FIGURE 3: (A) Superposition of the two initial structures, IniA (thick lines) and IniB (thin lines), (B) superposition of the eight converged
structures ((RD)), and (C) superposition of the interproton distance restraints (---) on the framework of the restrained energy minimized
structure (RD)m.
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FIGURE 4: rms differences (A) for all atoms between various structures. In the plot of (RD} vs RD the solid circles represent the average
atomic rms difference and the bars the standard deviations in these values.

prepared above in 20 mL of dry dichloromethane were added
1.0 g (3.3 mmol) of bis(NV,N-diisopropylamino)(2-cyanoeth-
oxy)phosphine [prepared essentially as described by Barone
et al. (1984)] and 0.28 g of diisopropyltetrazolide (Barone et
al., 1984). After the resultant mixture was stirred for 3 h at
ambient temperature, TL.C analysis (ethyl acetate/petroleum
ether/triethylamine, 49.5:49.5:1) indicated complete conversion
of the starting material to two new products (diastereoisomers).
The reaction was stopped with 3 mL of methanol and the
mixture evaporated to dryness. The residue was dissolved in
a small amount of dichloromethane/triethylamine (99:1), and
a small quantity of activated charcoal was added. The mixture
was introduced onto a column of silica gel (20 g) packed in
petroleum ether/triethylamine (99:1). The products were
eluted with dichloromethane/petroleum ether/triethylamine
(49.5:49.5:1). Fractions containing the product were evapo-
rated to dryness, dissolved in 6 mL of toluene, and precipitated
by dropwise addition to 150 mL of petroleum ether stirred at
—70 °C. The precipitate was filtered and dried under vacuum.
The yield was 81% (1.23 g, 1.77 mmol). The P NMR
spectrum in CDClI, exhibited a signal at 146.94 ppm.

Oligonucleotide Synthesis. The oligodeoxynucleotide was
synthesized on a controlled-pore glass support containing 10
umol of starting nucleosides with an Applied Biosystem 380A
synthesizer. The synthesis employed a glass column and a
modified 10-umol synthesis program, which will be described
elsewhere. After deprotection (with concentrated ammonia
for 6 h at 50 °C), the oligonucleotide containing the 5’-terminal
protecting group was isolated by reversed-phase chromatog-
raphy (McLaughlin & Piel, 1984). With the removal of the
§’-terminal protecting group, 360 A,4, units (~ 18 mg) of
purified oligodeoxynucleotide was obtained. To exchange the
triethylammonium counterions for Na* ions, the dodecamer
was then bound to DEAE-Sephadex A-25 and eluted with 1.0
M Nad(l, desalted by solid-phase extraction using a Baker
10SPE C,; column and 60% aqueous ethanol as eluant, and
finally passed over DNA-grade Sephadex G-25. Fractions
containing pure product (334 A, units) were pooled and
lyophilized.

Sample Preparation. After extensive freeze-drying, 167 Aag
units (~8 mg) of dodecamer was dissolved in either 99.995%
D,0 or 90% H,0/10% D,O, containing 10 mM potassium
phosphate, 100 mM KCl, and 0.01 mM EDTA, pH 6.5, to
give a final concentration of ~4 mM in single strand. NMR
experiments were carried out at 5 and 25 °C.

NMR Spectroscopy. All NMR spectra were recorded on
a Bruker AMS500 spectrometer. Two-dimensional NOESY
(Jeener et al., 1979; Macura et al., 1982), ROESY (Both-
ner-By et al., 1984; Bax & Davis, 1985a), MLEV17 HOH-
AHA (Davis & Bax, 1985; Bax & Davis, 1985b), and E-
COSY (Griesinger et al., 1982) spectra were recorded in the
pure-phase absorption mode by the time-proportional incre-
mentation method (Redfield & Kuntz, 1975; Bodenhausen et
al., 1980; Marion & Wiithrich, 1983). In the case of the
NOESY spectra recorded in H,O, the last 90° pulse in the
sequence was replaced by the 90°,~7-90°_, jump return se-
quence (Plateau & Gueron, 1982) with the carrier placed at
the position of the water resonance and a value of 50 us for
the delay r. NOESY spectra in D,O were recorded with
mixing times of 40 and 70 ms at 5 °C and with mixing times
of 75 and 150 ms at 25 °C. The NOESY spectrum in H,0O
was recorded with a mixing time of 150 ms. Spectra in D,O
were recorded with a sweep width of 6042 Hz, an acquisition
time of 0.17 s, and an incremental time step of 83 us for ¢,
while the corresponding values for the spectra in H,O were
10000 Hz, 0.102 s, and 50 us, respectively. Typically, 512-600
t, increments were recorded for each spectrum. To reduce 1,
noise, the first time domain data points were multiplied by a
factor of 0.5 (Otting et al., 1986). Linear base line correction
was carried out after the first and second transforms. In the
case of the NOESY spectra that were used for quantification
of cross-peak intensities, a relaxation delay between scans of
3-6 s was used and appropriate zero-filling was carried out
in both dimensions to give a digital resolution of 1.47 and 2.44
Hz/point far the D,O and H,O spectra, respectively. Quan-
tification of the NOESY cross-peak intensities was carried out
on an ASPECT 1000 data station by determining the volume
of each cross-peak by two-dimensional integration.
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Restrained Molecular Dynamics. All energy minimization
and molecular dynamics calculations were carried out on a
CONVEX C1-XP computer with the program XPLOR
(Briinger et al., 1986, 1987a,b; Clore et al., 1986a; A. T.
Briinger, unpublished data), which is derived from the program
CHARMM (Brooks et al., 1983) and has been specially adapted
for restrained molecular dynamics. The energy function used
comprises an all-hydrogen empirical energy function (Empiricar)
developed for nucleic acids (Nilsson & Karplus, 1985) and
effective interproton distance (Enog) and torsion angle (£,)
restraint energy functions. The effective NOE restraint po-
tential, Enog, has the form of a skewed biharmonic potential
(Clore et al., 1985) given by

Enoe(ry) = oy(r; - rijo)z if ry >r,°
= oy(ry - l'x'jo)2 if r; <r° (n
where r;;and r;° are the calculated and experimental distances,

respectively, and ¢; and ¢, are force constants given by

o = kgTS/2(A%) ¢ = ksTS/2(8)* (2)

where kg is the Boltzmann constant, 7 is the absolute tem-
perature, S is a scale factor, and A;* and A are the positive
and negative error estimates on the value of r;®. The effective
torsion angle restraint potential has the form of a square well
given by (Clore et al., 1986b)

E, = c(¢ij - ¢1ju)2 if oy > &
= C(d’ij - ¢ijl)2 if ¢y < ¢ijl 3

where ¢ is a force constant, &y is the calculated value of the
torsion angle, and ¢;* and ¢, are the upper and lower ex-
perimental limits of the torsion angle. With respect to the
electrostatic component of the empirical energy function, the
effect of solvent was approximated by a 1/r screening function
(Gelin & Karplus, 1977; Brooks et al., 1983) and by reducing
the net charge on the phosphate group to —0.32e (Tidor et al,,
1982). The nonbonded interactions were switched off, by using
a cubic switching function, between 9.5 and 10.5 A, with pairs
up to 11.5 A included in the nonbonded list. Integration of
the classical equations of motion was performed with a Verlet
integration algorithm (Verlet, 1967) with initial velocities
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assigned from a Maxwellian distribution at 400 K. The tem-
perature of the system was maintained constant by rescaling
the velocities of the atoms every 0.1 ps. The time step of the
integrator was 0.001 ps, and the nonbonded interaction lists
were updated every 0.02 ps. Bond lengths involving hydrogen
atoms were kept fixed with the SHAKE algorithm (Ryckaert
et al., 1977).

Structural Analysis. Displaying of trajectories was carried
out on an Evans & Sutherland PS390 color graphics system
using a modified version of the function network of FRODO
(Jones, 1978) interfaced with XPLOR. Analysis of helical
parameters was carried out with the program HETRAN (M.
Nilges and G. M. Clore, unpublished data), which is a mod-
ified version of the programs AHELIX (written by J. Rosenberg),
BROLL, and CYLIN (written by R. E. Dickerson) adapted to
deal with dynamics trajectories (Nilges et al., 1987a),

RESULTS AND DISCUSSION

Sequential Resonance Assignment. The assignment of the
nonexchangeable protons was accomplished in a sequential
manner (Reid et al., 1983; Scheek et al., 1983; Hare et al.,
1983; Feigon et al., 1983; Weiss et al., 1984a; Clore & Gro-
nenborn, 1983, 1985a) by using (a) Hartmann-Hahn spec-
troscopy to demonstrate direct and relayed through-bond
connectivities along the H1’ <> H2' <> H3’ < H4’ < H5'/
HS5” pathway within each sugar unit and (b) NOESY spec-
troscopy to demonstrate through-space (<5 A) connectivities

along the H1I’/H2'(i — 1) <= H8/H6(i) <= H1’/H2'(i) and
the H8 /H6(7)-HS/CH;(i + 1) pathways. Some examples of
NOESY spectra in D,0 are shown in Figure 1. Assignment
of the exchangeable imino and amino protons, together with
the A(H2), P(H2), and P(H6) resonances, was also carried
out sequentially (Chou et al., 1983; Ulrich et al., 1983; Clore
& Gronenborn, 1983; Gronenborn et al., 1984a; Weiss et al.,
1984b; Boelens et al., 1985) as illustrated by the NOESY
spectrum in H,O shown in Figure 2. Note that the presence
of an imino proton for the T-P base pair, together with the
observation of approximately equal NOEs between the T8(H3)
proton on the one hand and the P(H2) and P(H6) protons on
the other, indicates unambiguously that the P-T base pair is
hydrogen bonded in a Watson—Crick manner. The complete
list of assignments is given in Table I.

Interproton Distance Restraints. Interproton distance re-
straints were obtained from cross-peak intensities in the
NOESY spectra using the H2-H2” (1.8 A), C(H6)-C(HS5)
(2.5 A), and T(H6)~-T(CH,) (~2.7 A) distances as internal
references (Gronenborn et al., 1984b) from the equation
(Wagner & Wiithrich, 1979; Dobson et al., 1982; Clore &
Gronenborn, 1985b)

((rij_6>)_l/6 = [aref(Tm)/aij(fm)]_l/srref (4)

where r; and a;(t,,) are the distance and NOE cross-peak
intensity at a mixing time 7, respectively, between protons
i and j and r. and a. () have the corresponding meanings
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Table V: Average Values of the Glycosyl and Backbone Torsion Angles, Helix Twist, Helix Rise, and Propeller Twist for the Initial Structures,
the Final Converged Restrained Dynamics Structures, and the Crystal Structure of the B-DNA Dodecamer 5'd(CGCGAATTCGCG),

glycosyl x backbone torsion angles (deg) helix twist (deg) local helix pr;)vgiesltler
structure (deg) a 8 ¥ ) ¢ global local rise (A) (deg)
IniA -154 86 -151 47 83 —46 327 327 2.56 11.7
IniB -98 -47 -146 36 156 -95 36.0 36.0 3.33 4.2
B-DNA -117+ 14 -63 %8 171 £ 14 54 £8 123 £21 -169+25 -108 £34 358+4.1 373x£38 333013 134+49
(RD) -114+15 -72+13 180+43 56+5 12217 169+19 -80+7 34.6=%55 350+57" 3.33£020° 13.0%64

4From Dickerson and Drew (1981). ®Excludes the terminal base pair steps 1 and 11.

for the reference vector. The validity of eq 4 rests on the
assumption that the effective correlation times of the i~j and
reference vectors are about the same and that the initial rate
condition is approximately valid.

For distances involving only nonexchangeable protons we
used the 40-ms NOESY spectrum at 5 °C and the 75-ms
NOESY spectrum at 25 °C, while for distances involving
exchangeable protons we used the 150-ms NOESY spectrum
recorded in H,O at 5 °C. The validity of the initial rate
approximation under these conditions was verified by selective
one-dimensional experiments using the NOESY pulse sequence
with the first nonselective 90° pulse replaced by a selective
90° Gaussian-shaped pulse (Kessler et al.,, 1986). In this
respect it should be noted that the reason that a much longer
mixing time could be used for the distances involving the
exchangeable protons as well as the A(H2), P(H2), and P(H6)
protons is simply that they are relatively isolated in terms of
nearest proton neighbors (with the obvious exception of the
two amino protons of a given amino group).

Because the H2' and H2” protons are so close together (1.8
A), it is often the case that a small amount of spin diffusion
resulting in the transmission of a direct NOE involving one
of the two methylene protons to the other is invariably observed
even at the shortest mixing times. An example of this is the
small indirect intraresidue NOE between the base H8 /H6 and
H2"” protons (see Figure 1B). As spin-diffusion effects are
generally not observed in ROESY spectra (Bax et al., 1986),
a 100-ms mixing time ROESY spectrum was used as a check
to ensure that all the cross-peaks integrated in the NOESY
spectra and used for the subsequent refinement calculations
arose from first-order direct NOEs.

When eq 4 is used, the effects of variations in effective
correlation times also have to be considered. No base-to-base
variation in effective correlation times for the fixed distance
intraresidue H2-H2”, C(H5)-C(HS6), and T(H6)-T(CH,)
vectors could be detected. The apparent effective correlation
time of the intraresidue H2'-H2” sugar vectors, however, was
slightly shorter than that of the C(H6)-C(HS5) and T(H6)-
T(CH,;) vectors, in agreement with previous findings on other
DNA oligonucleotides (Clore & Gronenborn, 1984; Nilges et
al., 1987a,b). For this reason, we used the H2'-H2" vector
as a reference for all sugar—sugar and sugar—base distances
(with the exception of the H1’-base distances) and the C-
(H6)—C(H5) vector as a reference for all base-base and sugar
H1’-base distances. The justification for this approach which
is easily verified empirically by calculating distances, which,
although not fixed, have a very limited range (£0.2 A), has
been discussed in detail previously (Gronenborn et al., 1984;
Gronenborn & Clore, 1985; Nilges et al., 1987a).

A summary of the calculated interproton distances is given
in Table II. Taking into account both the considerations
discussed above as well as the errors involved in determining
cross-peak intensities by volume integration, we estimate that
the errors are —0.2 A/+0.3 A forr; < 3 A and -0.3 A/+0.4
A for 3 A <r; <5 A. Within the experimental errors, no
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FIGURE 7: Roll-slide diagram for the restrained energy minimized

average structure (RD)m. The dashed line from roll, slide = -10°,
1 A to +20°, 0.2 A represents the break between A- and B-type DNA
geometries, which lie to the right and left, respectively, of the line
(Calladine & Drew, 1984).

differences could be detected in the distances measured at 5
and 25 °C. For consistency, only the 5 °C data were used
in the subsequent calculations, as the spectra in H,O were only
recorded at 5 °C.

C4’-C3’ Bond Torsion Angle Restraints. Information on
the C4’-C3’ () bond torsion angle was deduced from 3J;,
coupling constants measured from an E-COSY spectrum.
These could be estimated to be larger than 7 Hz for all sugar
units, indicative of a value of 6 > 110° (Altona & Sundar-
alingam, 1972; Davies, 1985). Thus, in the calculations we
restrained the 6 torsion angles in the range 110-170°. Because
we were unable to measure the 3J,,, coupling constants with
a precision of better than 1 Hz and because evaluation of the
other sugar coupling constants was precluded due to resonance
overlap, we did not feel justified in imposing any more precise
restraints on the & bond torsion angles.

Structure Refinement. In order to obtain the structure of
the dodecamer in solution, we proceeded to carry out restrained
molecular dynamics calculations incorporating the experi-
mental interproton distances and § torsion angle data into the
total energy of the system in the form of effective potentials
(cf. eq 1 and 3). Two initial structures were used, namely,
classical A- and B-DNA (Arnott & Hukins, 1972). The
atomic rms difference between the two initial structures is 6.5
A. The protocol of restrained dynamics used was the same
as that previously used on an RNA hexamer (Scalfi Happ et
al., 1988) and involved three stages: (i) 8 ps of quenched
restrained dynamics at 400 K in which the velocities were
rescaled to 400 K every 0.1 ps and the NOE restraint scale
factor S (cf. eq 1 and 2) was increased from 0.32 to a max-
imum value of 8.0 and the & torsion angle restraint force
constant from 0.63 kcal mol™! rad™ to a maximum value of
40 kcal mol™! rad=? by multiplying their respective values by
10°2 every 0.1 ps (the values of the NOE and 4 restraint force
constants reached at the end of this stage were maintained for
the rest of the calculation); (ii) 12 ps of quenched restrained
dynamics at 300 K in which the velocities were rescaled every
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FIGURE 8: Stereoviews of base pair steps 1-6 of the restrained energy minimized average structure (RD)m viewed down the global helix axis.
(Note that because of symmetry base pair steps 7-11 are virtually identical with base pair steps 1-5 and hence are not shown.)

0.1 ps; and (iii) 400 cycles of restrained energy minimization
of the coordinates obtained by averaging the coordinate tra-
jectories over the last 8 ps of the second stage. Four calcu-
lations were carried out from each initial structure by using
different random number seeds for the assignments of the
initial velocities. Each calculation took approximately 10 h
on the Convex CI1XP computer. The final four structures
obtained by starting from IniA are referred to as (RDA) and
the final four starting from IniB as {RDB); (RDA) and
(RDB) are also referred to collectively as (RD). The coor-
dinates of the eight final structures were also averaged to yield

the average structure RD, which was subjected to 400 cycles
of restrained energy minimization to produce the restrained

energy minimized average structure (RD)m.

The atomic rms differences between the structures are given
in Table III, and the rms differences between the calculated
and experimental interproton distances, the deviations from
ideality for bonds, angles, and planes, the NOE and § torsion
angle restraint energies, and the nonbonding energies are given
in Table IV. Superpositions of the two initial structures and

of the final structures are shown in Figure 3 and plots of atomic
rms difference between various structures as a function of
residue number in Figure 4. Also shown in Figure 3 is a
superposition of the interproton distances on the restrained

energy minimized average structure (RD)m.

It is clear from the data in Tables 11 and III and Figures
3 and 4 that convergence to essentially the same structures,
both globally and locally, has been achieved by starting from
both initial structures. Further, the atomic rms differences
between the final structures are independent of the starting
structures. Thus, the difference between the final structures
arises from the different random number seeds used to assign
the initial velocities. The average atomic rms difference be-
tween the final structures is ~0.7 A, and that between the

final structures and the mean structure RD is ~0.4 A, which
is comparable to the atomic rms fluctuations of the atoms
about their average positions. The rms difference between the
calculated and target interproton distances (~0.2 A) is within
the experimental errors specified, and the é torsion angles lie
within their target range. In addition, the extent of conver-
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FIGURE 9: Two stereoviews of the average restrained energy minimized structure (ﬁ)m with the global and local helix axes superimposed.

gence can be assessed from the plots of backbone torsion angles
(Figure 5) and helical parameters (Figure 6) as a function of
residue number.

It should be noted that in the absence of experimental re-
straints (i.e., using the same dynamics protocol but with the
force constants for the NOE and 4 torsion angle restraints set
to zero) convergence from the two starting structures does rnot
occur. The structure starting from IniA remains A type and
that from IniB B type, with an atomic rms difference between
them of 6.3 A. Thus, as in the previous cases (Nilsson et al.,
1986; Nilges et al., 1987a,b; Scalfi Happ et al., 1988), con-
vergence is entirely due to the incorporation of the experi-
mental restraints into the total energy function of the system
in the form of effective potentials, and the structural features
that emerge are not in any way artifacts arising from the
empirical energy function. The role of the latter is solely to
ensure that the local stereochemistry and nonbonded inter-
actions are approximately correct.

Structural Features. The overall structure of the dodecamer
is of the B type (Figure 3), and the substitution of a purine
for an adenine at position 5 clearly does not lead to any major
perturbation in the structure of the dodecamer.

Examination of the backbone torsion angles indicates that
they all lie in the range characteristic of B-DNA. Indeed, the
average values are very close to those found in the crystal

structure of the B-DNA dodecamer 5’d-
(CGCGAATTCGCG), (Dickerson & Drew, 1981) (Table V).
As expected, the C4’—C3’ bond torsion angles & are correlated
with the sugar pucker phase angles and anticorrelated with
the glycosidic bond torsion angles x (Figure 5).

Considering the helical parameters, there are clear se-
quence-dependent variations in base pair roll, slide, tilt, helix
twist, and propeller twist (Figure 6). The variations of helical
twist and propeller twist are similar to those found in the
crystal structure of the B-DNA dodecamer and follow the
trends predicted by Dickerson’s (1983) sum functions (Figure
6), suggesting that these variations are driven by the need to
relieve interstrand steric hindrance between purines at Pyr-Pur
and Pur-Pyr steps (Calladine, 1982). The variation in roll,
on the other hand, is not so well correlated with either the
predicted or observed crystal structure variation, the principal
deviation occurring at base pair steps 3 and 9.

Roll and slide are correlated (Figure 7). Base pair steps
1/12, 2/10, 4/8, and 6 lie along the line roll, slide = -10°,
1 A to +20°, 0.2 A that separates A- and B-type geometries
(Calladine & Drew, 1984). Base pair steps 3/9 and 5/7, on
the other hand, lie clearly in the A- and B-type regions, re-
spectively. These features are manifested in the pattern of base
pair stacking (Figure 8). The stacking of the CpG base pair
steps 3 and 9 are of the A-type with interstrand stacking of
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the six-membered ring of the purine residues of opposite
strands. Associated with this is a decrease in the helical twist
(Figure 6). The PpA base pair steps 5 and 7, however, are
of the B type with good intrastrand overlap of the six-mem-
bered purine rings. The base pair stacking of base pair steps
2 and 10 is intermediate between A and B type, whereas all
the other base pair steps are stacked in a B-type manner. Note,
though, that the intrastrand stacking of the purine residues
for the GpA steps 4 and 8 is not as optimal as that of the PpA
steps 5 and 7, although both involve Pur-Pur steps.

These local variations in slide, roll, and base pair stacking
patterns give rise to kinking and bending of the DNA. This
is illustrated in Figure 9, which shows a superposition of the
global and local helix axes on the restrained energy minimized

average structure (RD)m. Overall, the dodecamer is clearly
straight. The central 5 base pair steps, however, are smoothly
bent in the direction of the major groove with a radius of
curvature of ~38 A and an angle between the local helix axes
of base pair steps 4 and 8 of 25°, This is compensated by two
smaller kinks in the direction of the minor groove at the CpG
steps 3 and 9 This can be understood in terms of the roll-slide
diagram and can be attributed to the relative changes in roll
and slide of base pair steps 3/9 and 5/7 with respect to those
of base pair steps 4/8: in particular, the decrease in roll and
increase in slide of base pair steps 3 and 9, on the one hand,
and the increase in roll and decrease in slide of base pair steps
5 and 7, on the other, relative to those of base pair steps 4 and
8.

Concluding Remarks. This dodecamer represents the third
DNA oligonucleotide whose structure we have solved by a
combination of NMR and restrained molecular dynamics and
analyzed in detail, the previous two being the hexamer 5’d-
(GCATGC), (Nilges et al., 1987a) and the decamer 5'd-
(CTGGATCCAG), (Nilges et al., 1987b). It is therefore of
interest to see whether any common sequence-dependent
features emerge from these studies. The most striking feature
common to all three oligonucleotides is the behavior of the
nonterminal CpG steps. They all have values of slide and roll
in the A-type region of the slide-roll diagram, A-type in-
terstrand stacking of the purines, and a decrease in helical
twist. These features result in a kinking of the DNA at the
CpG steps. It must be emphasized, however, that the glyco-
sidic bond and C4’~C3’ bond torsion angles of these residues
all lie in the range characteristic of B-DNA. The second most
obvious common feature is the variation in helical twist, which
appears to follow reasonably well, although by no means
perfectly, the trend predicted by Dickerson’s (1983) sum
functions.

Other features are more difficult to predict as they depend
on the actual sequence of bases rather than the sequence
written purely in terms of purines and pyrimidines. Thus, for
example, the central 6 base pairs of the decamer (GGATCC)
and the dodecamer (GPATTC) have the same sequence of
purine and pyrimidines: Pur-Pur-Pur-Pyr-Pyr-Pyr. They
differ, however, by the substitution of a G for a P at position
2 and of a C for a T at position 5. The sequence dependence
of the helical parameters is similar but not identical, and these
differences are sufficient to ensure that the central 6 base pairs
of the decamer are straight, while those of the dodecamer are
smoothly bent.

Registry No. d(CGCGPATTCGCG), 114155-95-2; purine, 120-
73-0; thymine, 65-71-4; 5’-O-(9-phenylxanthen-9-yl)-2’-deoxy-
nebularine, 114155-96-3; 2’-deoxynebularine, 4546-68-3; 9-chloro-
9-phenylxanthene, 42506-03-6; 3’-O-[(N,N-diisopropylamino)(2-
cyanoethoxy)phosphinyl]-5/-O-(9-phenylxanthen-9-yl)-2’-deoxy-
nebularine, 114155-97-4; bis[N,N-diisopropylamino)(2-cyanoeth-
oxy)phosphine, 102691-36-1.

CLORE ET AL.
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